Abstract. Clinching is a mechanical joining technique which involves severe local plastic deformation of two or more sheet metal parts resulting in a permanent mechanical interlock or joint. The required forming load and energy can be determined with the aid of the finite element method. However, a good knowledge of the elasto-plastic properties is of utmost importance to perform a sufficiently accurate simulation. This paper presents two alternative material tests to identify the hardening behaviour of sheet metal beyond the point of maximum uniform elongation. In addition, the material tests were applied to DC05 and the identified material behaviour is evaluated through the prediction of the forming load during clinching.
Introduction
For many years, the finite element method has been considered a powerful tool which can be very useful in many different engineering domains. In the case of metal forming, a good knowledge of the elasto-plastic material properties is of utmost importance to perform a sufficiently accurate simulation. Most commercial FE packages use phenomenological models which describe the yield criterion and the hardening behaviour as explicit functions of the stress and one or more state variables, e.g. the equivalent plastic strain. The parameters of these models can be identified by performing standard experiments. Although the standard tensile test is probably the most widely adopted, it has a number of limitations. First, it is well known that the homogenous stress and strain fields generated in this test do not resemble the complex stress and strain field which occur during forming processes. Second, the standard tensile test only allows to identify the hardening behaviour up to the point of necking, at least when the true stress-true strain curve is constructed from loadelongation data using the standard analytical relations between stress and force, and, strain and elongation. However, many metal forming processes generate strains beyond this point of uniform elongation. As a result, the knowledge of the post-necking hardening behaviour is required. The latter problem is the subject under consideration in this paper. Usually the post-necking hardening behaviour is estimated by extrapolation of the hardening behaviour before this point. Such procedure may yield very different results depending on the hardening law fitted to the experimental data. This paper presents two alternative material tests to identify post-necking hardening behaviour of sheet metal. The first approach comprises a multi-layered upsetting of small circular specimens. A finite-element-based inverse method is adopted for this parameter identification problem. The second test makes use of an improved experimental technique that has emerged in the field of mechanical testing in the past decades: the digital image correlation technique. The key point in this second identification method is the minimization of the discrepancy between internal and external work in the necking zone during a simple tensile test. In this paper, the methods along with the underlying necessary assumptions are presented. Next, the methodologies were applied to identify two common hardening laws for DC05. Finally, the identified material behaviour was used to predict the forming load during clinching and the numerical predictions were systematically compared with experimental data which in return allows the evaluation of the different material tests through a practical application.
Post-necking Hardening Behaviour of Sheet Metal
Extrapolation Method (EM). Since the pre-necking data is readily available from a standard tensile test, the usual way to estimate the post-necking hardening behaviour is by fitting a hardening law to the experimental data (which is available before the point of maximum uniform elongation). In the remainder of this work we will refer to this method as the extrapolation method (EM). Two often used hardening laws, namely the Swift (Eq. 1) and the Voce law (Eq. 2), are used in this study.
.
Multi-Layered Upsetting Test (MLUT).
This test consists of the forging of stacked circular specimens that can be cut from base material by spark erosion or some other suitable method. The purpose of this material test is to provide an alternative small scale test for the determination of local hardening properties at significantly higher strains as encountered during tensile testing. The method requires the identification of the friction between the stack and the open dies, which can be seen as the main drawback of the method. For this purpose, geometrically different stacks must be compressed in order to apply the Modified Two Specimen Method (MTSM). Next the parameters of the hardening laws are identified using a finite element based inverse method. Theoretical and experimental details can be found in [1] .
Post-Necking Tensile Experiment (PNTE).
During a quasi-static tensile test, conducted on a standard tensile test with a rectangular cross-section, the strain fields in the diffuse necking zone are measured using the digital image correlation (DIC) technique. The availability of these strain fields in the diffuse necking zone is then used to calculate the stress fields by assuming a certain yield criterion and hardening behaviour. This data allows the computation of the internal work in the necking zone, which should equal the work exerted by external force, at least, if the assumed hardening behaviour (and yield criterion) is correct. Based on this hypothesis, the hardening behaviour beyond the point of maximum uniform elongation is determined by minimizing the discrepancy between the internal and external work in the necking zone. As the full-field measurements of the strain fields of the specimens surface during a test are used, an assumption regarding the relation between the strain field inside the solid to the strain field at its surface has to be made, and, consequently, this method can only be applied to thin sheets. This can be regarded as a drawback. The theoretical framework along with the experimental validation of this method can be found in [2] . 
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Post-necking hardening behaviour of DC05. The above methods were applied to identify the post-necking hardening behaviour of DC05, which is a mild deep drawing steel, with a thickness of 1.15 mm. Suitable circular specimens with a diameter of 10 mm as well as standard rectangular tensile specimens were cut from the base material by spark erosion. For the MLUT, the von Mises yield criterion was adopted. For the EM both the von Mises and Hill's 1948 yield criterion were used. In the isotropic case, the average hardening behaviour from the rolling direction, transverse direction and the 45°-direction was used. For the anisotropic case, the hardening behaviour is determined from a tensile test along the transverse direction. The parameters in Hill's 1948 yield were determined in advance based on the Lankford ratio's measured along the rolling direction, the transverse direction and the 45°-direction (see Table 1 ). The PNTE was conducted on a tensile specimen in the transverse direction. All results are presented as equivalent stress-equivalent plastic strain curves in Fig.1 . 
Clinch Forming
Principle and Problem Statement. Clinching of metal sheets is a mechanical joining technique which involves localized cold deformation in such a way that the sheets mechanically interlock. This is done without the use of additional material inserts such as rivets, bolts, ect. This technique brings along a number of advantages which have been extensively been discussed in refs. [3, 4, 5] and are not repeated here. The geometry of the tools by which the connection was realized determines the shape of the connection. In practice, the round airtight joint is most adopted. In this particular process the connection is realized by one flowing punch movement without perforating the sheets. Fig. 2 shows a cross-section (right half from the centre line) of the so-called "round, noncutting single stroke" connection. This figure shows some geometrical parameters. The thickness at the base of the joint, the so-called X-parameter which was introduced by Varis [6] , can be easily measured and is therefore often used as a process parameter in industrial applications. F and H, which are the interlock and the neck thickness, respectively, play a role of importance in the mechanical behaviour of the joint. Unlike the X-parameter, F and H cannot be measured directly. However, since for each application a certain bottom thickness is accompanied with a certain interlock and neck thickness, the parameters F and H can be indirectly controlled by measuring X.
Key Engineering Materials Vol. 473 The severe reduction in total thickness, due to the forging of the sheets, is characteristic of the clinching operation and accounts for very large plastic strains present in the material after completion of the forming operation. True plastic strains in the range of 2 or 3 are not unusual and therefore a good knowledge of the plastic properties is of utmost importance to perform a sufficiently accurate simulation. The application of clinching requires that both sides of the assembly can be reached by the clinching tools. Typically, the clinching tools are mounted in a Cframe. Whether this unit is mounted into a static press or integrated into an industrial robot for automation purposes, forces will be induced in the unit during clinching. The design of the C-frame highly depends on the forces generated during the process. This problem becomes even more critical when multiple joints are simultaneously applied. Fig. 3 shows such a set up for connecting a metal sheet with an extruded profile. In one flowing movement the profile and the sheet are connected by 5 joints. Off course, the prediction of the required force is an essential step in the design of the complete machine. Fig. 4 shows the process graph of a single joint formation as can be obtained with FEA using the material behaviour extracted from different material tests in conjunction with identical frictional properties between the contacting parts. A large spreading in the predicted maximum forming force can be observed for a single joint formation. The latter problem is the subject under consideration in the next sections. 
Sheet Metal 2011
Presented Approach. The key parameters which determine the forming load are the friction condition between the tools and the sheets, the friction condition between the combining sheets and the elasto-plastic properties of the metal sheets. Apart from their influence on external forces, these properties also dominate the metal flow and thus the final geometry of the joint. Since no material inserts are used, the strength of the connection highly depends on the geometry, and, as a consequence, the prediction must also be geometrically validated. The most common method used to determine friction for a forging process is the ring compression test. This test uses a thin ring with dimensions (outer diameter:inner diameter:thickness) in the ratio (6:3:1). As the thickness of the sheet is normally rather small, the dimensions of the ring become very small. Sheet metal friction testing methods do exist, but these tests are based on a low interface pressure and large sliding lengths [7] . An alternative method to determine friction coefficients is based on the correlation with numerical simulation. Accurate measurements (e.g. shape changes or forming load) are then used to tune friction parameters in a numerical model. This approach assumes an accurate knowledge of the material behaviour, which of course may be a source of inaccuracy. Provided that the material behaviour is known, this inverse method can be used to accurately reproduce the loading force and geometrical conditions. Off course, the accuracy of the deduced parameters depends on the sensitivity of the measured quantities with respect to the unknown parameters. In this paper we assume that the material behaviour is known. The first part of this paper presented different methods to identify hardening behaviour of sheet metal beyond the point of maximum uniform elongation. The results from these different tests on DC05 are used in this section for the prediction of the forming load during clinching of the same material. The purpose is the assessment of the different material tests through a practical application, which is in this case the forming of a clinched joint. Unfortunately, this is not straightforward since friction also contributes to the problem. In the next section we embark on the identification of the friction properties.
Identification of the friction properties. In the problem under consideration there are two unknown frictional conditions. There is tool-sheet contact (µ t ) and a sheet-sheet interface (µ i ). For both frictional conditions the Coulomb friction model was adopted. Because of the high contact pressure between the sheets, the model for the sheet-sheet interface was extended with a shear stress limited τ max . Subsurface shearing between the adjacent sheets is taken place when τ max is exceeded. The shear stress limit was assumed to be known:
where σ y ist he von Mises yield stress. As a consequence, only two parameters remain unknown, namely µ t and µ i . The purpose is to tune these two parameters using an inverse procedure. The available experimental data is the process graph, which is the force-stroke curve measured during the forming, and the experimentally measured geometry after forming. Fig. 5 shows that the interface friction between adjacent sheets µ i is strongly related to the interlock F. The interlock F can be measured if the joint is axially sectioned. After encapsulation with a thermosetting material, the specimen is then properly grinded and polished before the geometrical parameters can be measured with an optical microscope. More importantly, it can be inferred from Fig. 5 that the value of F is independent of the frictional condition between the tools and the sheets µ t . In other words, using an arbitrary value for µ t , the frictional condition between adjacent sheets µ i can be determined by minimizing |F num -F exp | , where F num and F exp are the numerical and experimental obtained interlock, respectively. Fig. 6 shows the relation between the interlock F and inter-sheet friction µ i assuming a friction condition between the tools and the sheets µ t = 0.2. From this figure it can be inferred that for µ i < 0.1 the interlock F remains constant. When µ i k (with superscript k indicating the material test data, see Table 2 ) determined, this parameter remains fixed while µ t is identified by minimizing the following expression:
. (4) where P i exp and P i num are the experimental and numerical forces at different positions i of the punch, respectively. N is the number of measurements. This will yield a value for µ t k without changing the previously obtained interlock F. Off course, for each material test, different values for both parameters µ i k and µ t k can be expected. As a result different geometries will be obtained and this will be used in the assessment of the validity of the identified post-necking hardening behaviour. All numerical simulations were carried out with Abaqus/Explicit which assumes a hypoelastic-plastic constitutive model. All models were meshed using 4-node bilinear rectangular elements using reduced integration and enhanced hourglassing control. An element size of t/15, with t the sheet thickness, was used. The experimental interlock F exp was measured and an average value F exp =0.068 mm was found. The relative measurement error on F exp due to a cross-section which deviates from the centre of the joint is expected to be less than 0.4%. For all material test data it was found that µ i k < 0.1, in other words, the value of F exp is situated in the plateau which can be observed in Fig. 6 . The friction condition between the sheets was set to µ i k =0.1 in order to determine µ t k . The values for µ t k can be found in table 2. 
Results and Conclusion
The first part of this paper presented two alternative sheet metal material tests which allow the identification of post-necking hardening behaviour of sheet metal. The purpose of this study was to evaluate these tests through a practical application which involves large plastic deformation. To this purpose, the clinch forming operation was selected. Since friction also plays a vital role in this forming process, the unknown friction coefficients were inversely identified based on the shape changes and the process graph. In the previous section µ i k and µ t k were determined for each post-necking hardening behaviour obtained from the different material tests presented in the first part of the paper. Each material data set together with the identified frictional properties were then used to simulate the forming operation of a single joint. The experimental process graph is reproduced by all numerical simulations. The final geometries are plotted in Fig. 7 along with the experimentally measured geometry. On the left side of this figure the results are shown for the material data obtained by the extrapolation method (EM). The right side of the panel shows the results using material data from the multi-layered upsetting test (MLUT) and the post-necking tensile experiment (PNTE), respectively. It can be inferred from this figure that the results obtained by the EM significantly differ depending on the hardening law which was used to extrapolate the data beyond the point of maximum uniform strain. Unlike the material behaviour obtained through inverse modelling and the PNTE, the hardening laws are not forced to match experimental data at higher plastic strains since they are fitted to the available prenecking data. The main drawback is that the methods require more experimental effort compared to the standard tensile test. The most obvious discrepancies with the experimental data are situated in the ring groove of the die and the interlock region. The later is important from a mechanical point of view. The results based on the MLUT and the PNTE are in agreement with the experiment. It may be noted that the MLUT performs best for both hardening laws. Based on the final geometry of the clinched connection, it was found that the presented alternative material tests are an improvement over the classical extrapolation method. However, it must be noted that neither the Voce model, nor the Swift model accurately describes the complete hardening behaviour.
